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The Lipids of the Membrane Ghost of Streptococcus fecalis:
The Occurrence of Diphosphatidylglyceride 
Thesis directed by Associate Professor Adolph Abrams
The total lipid of the membrane ghost fraction of Streptoccus 
fecalis (ATCC 9790) was extracted and found to be 20.8 percent of the 
membrane dry weight. Silicic acid chromatography yielded two main types 
of lipid, polar lipid (77 per cent) and glyceride (22 per cent). Thin 
layer chromatography revealed that the polar lipid consisted of two com­
ponents, slow polar lipid and fast polar lipid. A solvent system was 
devised which resolved the two polar lipids on a silicic acid column.
The fast polar lipid constituted 54 per cent and the slow polar lipid 
23 per cent of the total lipid. Amino nitrogen and choline were not 
detected in the polar lipids, but the slow lipid contained carbohydrate.
The infrared spectra of the fast and slow lipids were consistent 
with that of a phosphatide. Chemical analysis of the fast polar lipid 
indicated n ester:phosporus ratio of 4.9:2 and 3.75 per cent phospho­
rous. Paper chromatography of the deacylated lipid before and after 
hydrolysis suggested that the water-soluble moiety was diglycerophos- 
phorylglycerol (GPGPG). Thus the fast polar lipid appears to be 
diphosphatidylglyceride.
The fatty acids of the fast polar lipid determined by gas-liquid 
chromatography using polar and non-polar systems had the following 
structure codes: 14:0, 16:0, 16:1, 17:0 cyclopropane, cis- 18:1, and 
19:0 cyclopropane. The presence of the cyclopropane ring and of the
cis- configuration of the octadecenoic acid were confirmed by infrared 
spectrophotometry.
The slow polar lipid had an ester:phosphorus ratio of 6.1:1, and 
the fatty acids were qualitatively identical with those of the fast 
polar lipid.
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I recommend its publication.
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INTRODUCTION
The molecular structure of the plasma membrane of cells is of 
special interest due to the selectivity which it is able to exert over 
the transfer of solutes from the surrounding medium to the cytoplasm of 
the cell and because it Is the probable site of active transport mecha­
nisms. Intact plasma membranes have been isolated from a restricted 
number of types of cell, of which erythrocytes and certain species of 
bacteria are virtually the only examples, and their high content of lipid 
and protein have been noted. The predominance of protein and lipid in 
the plasma membrane is in accord with the most popular model of its 
structure, namely, a bimolecular leaflet of protein-1ipid-protein first 
proposed by Danielli.(l) The plasma membrane, whenever it has been ex­
amined in the electron microscope using the appropriate staining tech­
niques, appears asa double line, and this, too, is in accord with the 
bimolecular leaflet model.(2)
A membrane ghost fraction can be obtained conveniently from Strep­
tococcus fecalis (ATCC 9790) protoplasts and constitutes the starting 
material for the present study,(3) Some of the properties of the mem­
brane of this microorganism have been described already in accounts 
concerned with the localization of enzymes and with the osmotic charac­
teristics and permeability of the intact cells and protoplasts.(4)(5) 
(6)(7)(8)(9)(10)
Phase contrast and electron micrographs of membrane ghost prepa­
rations show that they are nearly empty spheres consisting mainly of 
an outer plasma membrane but containing in addition some internal mem­
branous structures and ribosome-like particles.(11) For this reason, 
the findings to be described may not be solely representative of the 
plasma membrane. Chemical analysis has shown that the principle con­
stituents of the membrane ghosts are protein (70 per cent), lipid (20 
per cent), and ribose nucleic acid (4.5 per cent).(11) The protein and 
lipid presumably occur principally in the plasma membrane, possibly 
arranged as a bimolecular leaflet.
The present investigation deals with the isolation and chemical 
characterization of the lipids extracted from the membrane ghosts of 
S. fecalis. Of the lipids isolated, one has been characterized as 
d J phosphat idylglyceride.
HISTORICAL SURVEY OF THE LITERATURE ON THE 
LIPIDS OF BACTERIA
The Lipids of Intact Bacteria
There are a number of reports on the composition of lipids derived 
from intact microorganisms and their subcellular fractions. Most in­
vestigators conclude the phospholipid is a significant, if not dominant, 
component of the total lipid in the microorganisms so far examined. 
Evidence has been presented which indicates that in three microorganisms 
the major portion of the cell lipid, and in particular the phospholipid, 
is located in the plasma membrane.(12)(13)(14) An examination of re­
sults obtained with intact cells will, nevertheless, probably indicate 
the extent of the variety of lipids to be found in the bacterial mem­
brane.
The section which follows is a survey of selected papers pertinent 
to the present work and is not intended to be an exhaustive review of 
current knowledge concerning bacterial lipids. Of special interest 
are: 1) descriptions of the nature, quantity, and location of the phos­
pholipids and their associated fatty acids; 2) values for membrane 
total lipid, and 3) factors which can modify the lipid composition of 
the organism.
The genus Mycobacterium has been extensively studied on account 
of its high fat content, the earliest chemical study being in 1888 by 
Hanmerschlag, who found that 26-28 per cent of the dried bacillus was 
soluble in alcohol and ether.(15) It was not until 39 years later that 
Anderson described procedures for fractionating this extract and showed 
that phospholipids were present in relatively large amounts.(16)
The results of the analysis by Akasi of dried mouse typhoid bacilli 
suggested that the total lipid of 4.9 per cent was composed almost en­
tirely of free fatty acid, including palmitic, myristic, and lauric acids. 
Stearic acid was not detected. About half of this fraction was unsatu­
rated octadecenoic acid predominating.(28) In later work with 
S. typhimurium, lactobacillic acid and its hexadecanoic homologue were 
tentatively identified and comprised 5 and 20 per cent of the total fat­
ty acids. Phospholipid was found in the proportion of 4.8 per cent of 
the dried bacteria and consisted mainly of phosphatidylethanolamine. 
However, 10 per cent of the phosphorus was present as phosphatidylgly- 
cerols.(29)
Williams et al examined nine strains of Escherichia and Shigella 
and found total lipid concentrations of 4.3 to 7.9 per cent, of which 
about 60 per cent was phospholipid. With one exception, this had a 
"normal” nitrogen-phosphorus ratio.(30)
The lipids from Azotabacter agilis. Agrobacterium tumefasciens, 
and Escherichia coli were analyzed by Kaneshiro and Marr, who demonstra­
ted that the principle lipid component was a phosphatidylethanolamine.
(31) This work confirms earlier reports that cephalins are present in 
the lipids of Gram negative microorganisms. For example, Geiger and 
Anderson, also working with the lipid from A. tumefasciens, identified 
aminoethanol and, in addition, assumed the presence of choline from the 
difference between the total and amino nitrogen values. They also con­
firmed that the composition of the culture medium affected the lipid 
content of the organisms in that when sucrose was substituted for gly­
cerol, the bacterial total lipid rose from 2 per cent to 6 per cent.
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There was also a concomitant rise in the proportion of phospholipid 
from 44 to 64 per cent,(32) In an investigation of the antigenic com­
plex of a “smooth” strain of Bac. dysenteriae (Shiga), Morgan et al 
isolated a phospholipid with a nitrogen-phosphorus ratio of unity,(33) 
This compound was not characterized, but its small solubility in abso­
lute alcohol suggested that it was cephalin rather than lecithin. 
Examination of another pathogen of the same genus, Salmonella typhosa, 
showed several phosphatides containing a variety of amino acids as well 
as ethanolamine, while tests for choline and inositol were negative,(34) 
It was shown by Law that, while 9 per cent of the dry weight of E, 
coli could be removed by exhaustive extraction with chloroform:methanol, 
saponification released a further 1,4 per cent which contained two hy­
droxy fatty acids, and C ^ . (35) Other fatty acids detected were 
normal saturated and unsaturated, as well as two cyclopropane acids,
Cj7 and In addition to phosphatidylethanolamine, which was the
major lipid, only very small quantities of free fatty acids and neutral 
lipids were found. Confirmation of the fatty acid constitution of E, 
coli was provided by Kaneshiro and Marr, who isolated individual acids, 
degraded them, and characterized the products. By these means they were 
able to show that the 18:1 component was a mixture of cis- 11, 12-octade- 
cenoic, and oleic acids. The C^y homologue of lactobacillic acid was 
positively identified by catalytic hydrogenation and gas-liquid chroma­
tography of the oxidized products.(36)
The lipids of Streptococcus lactis (Lancefield group N), a common 
contaminant of milk, were shown to consist of about 70 per cent phospho­
lipid. The fatty acid pattern of this fraction comprised myristic, 
palmitic, palmitoleic, a C^g acid with monounsaturation, and lactobacillic
acids. The last-mentioned was identified by comparison of the infrared 
spectrum with that of authentic sample.(37)
Examination by Ikawa of the following organisms, L. casei, L. plan- 
tarum, Leuconostic mesenteroides, Pediococcus cerevisiae, and S. fecalis 
indicated that serine, ethanolamine, and choline were absent from the 
phospholipids of the whole organisms. The major ninhydrin-reacting sub­
stance in the phospholipid of Leuconostoc mesenteroides was D-alanine, 
while in the other organisms it was L-lysine.(38)
The Lipids of Subcellular Fractions of Bacteria
When separation of subcellular structures became possible, attention 
was immediately directed to fractions referred to as hull, envelope, and 
membrane. In 1950, Mitchell and Moyle reported that on the basis of work 
on sixteen microorganisms, there appeared to be a strong correlation be­
tween the occurrence of a phosphoric ester thought to be located in the 
envelope of the organisms and a positive reaction to Gram’s staining tech­
nique. (39) Later, these authors employed the method of Mickle to isolate 
the cell envelope of Micrococcus pyogenes.(40)(41) By means of rapid vi­
bration with glass beads intact bacteria suspended in water were almost 
completely disintegrated within an hour. Differential centrifugation 
yielded an envelope fraction and a yellow small-particle fraction. Pro­
tein, lipid, and uncharacterized polyglycerophosphoric acid-type compounds 
proved to be the major constituents of these two fractions.
Sonic disruption of Azotobacter agilis allowed separation of a par­
ticle termed "hull” which was assumed to be cell wall, together with any 
adherent structure; as evidence for a distinct plasma membrane could not 
be obtained.(42)
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Phospholipid comprised 16 to 20 per cent of the hulls, with ethanola- 
mine as the only nitrogenous constituent.
The discovery in 1922 by Alexander Fleming of the bacteriolytic 
agent lysozyme has facilitated further research into the nature of the 
plasma membrane, especially as several microorganisms have since been 
shown to be lysed by lysozyme.(43) Confirmation of the enzymatic na­
ture of lysozyme appeared in 1940 together with a preliminary appraisal 
of its substrate and reaction products.(44) Later, it was shown that 
cell wall material from M. lysodeikticus was degraded into di- and 
tetra-saccharides of N-acetylglucosamine and N-acetylmuramic acid by 
the muramidase activity of lysozyme,(45) When the cells are suspended 
in a medium containing a non-penetrating solute of suitably high osma- 
lality, lysis of the cell does not follow the action of lysozyme upon 
the cell wall, but instead protoplasts with intact plasma membranes are 
formed. These protoplasts retain many of the characteristics of the 
original cells. Very little intracellular material is lost from the 
cells during lysozyme treatment, indicating that the osmotic barrier 
has not been damaged and that the integrity of the protoplast has not 
been violated.(46) In the absence of a protective environment, most 
of the intracellular components are released from the protoplasts into 
the surrounding medium because of osmotic swelling, leaving the trans­
parent ghosts which may then he recovered by centrifugation. These 
ghosts consist mainly of the plasma membrane.(ll) In the case of 
protoplasts from S. fecalis. lysis can be induced by glycolysis even 
in the presence of a protective osmotic environment (metabolic lysis). 
(4)(7)(8)
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The intact cells and membranes of Bacillus M . an organism closely 
related to Bacillus megaterlum. have been analysed for the nature and 
distribution of the lipid content.(12) The membranes were prepared by 
the action of lysozyme on the intact organisms followed by osmotic shock 
of the protoplasts. After refluxing with methanol to break up lipid- 
protein complexes, the lipid was extracted and purified by the method 
of Folch.(47)(48) It was then shown that the membrane contained 55-75 
per cent of the total cell lipid and that it was virtually pure phospho­
lipid. The absence of choline, serine, and ethanolamine led the author 
to suggest that the plasma membrane lipid of Bacillus M was probably 
phosphatidic acid.
The plasma membrane from M. lysodeikticus yielded phospholipid 
which upon acid hydrolysis formed glycerophosphoric acid and inorganic 
phosphorus. Nitrogen and carbohydrate were not detected. The ester: 
phosphorus ratio was 1.9. These findings were taken to indicate that 
about 80 per cent of the membrane lipid consisted of a complex poly- 
phosphatidic acid.(49) In further work with the same organism , 
MacFarland reported that the phospholipid consisted of a diphosphatidyl- 
glycerol, a glycolipid with a molar ratio fatty acid:carbohydrate:phos­
phorus of 5.7:3.2:1.0 and phosphatidylinositol.(13)(50)
When it was discovered that S. fecalis (ATCC 9790) was susceptible 
to the action of lysozyme, it became possible to make preparations of 
washed membranes from these organisms that were virtually free of cell 
wall and soluble cytoplasmic components.(3)(4)(11) Using such a pre­
paration, Kolb et al estimated that 28.3 per cent of the membrane from 
organisms of a logarithmic phase culture was lipid, whereas those grown 
on threonine or valine-poor media showed values of 36.0 and 40.2 per
cent respectively.(51)(14)(52) The phosphorus content of the lipid, 
together with a nitrogen value of 0.12 per cent, suggested that the 
lipid was mainly phosphatidic acids.
The present investigation carries the analysis further and shows 
that the main component of the membrane phospholipid of S. fecalis 
(ATCC 9790) is diphosphatidylglyceride.
EXPERIMENTAL PROCEDURES
Preparation of Cell Membranes
The starting material was derived from an 18-hour stationary phase
culture of Streptococcus fecalis (ATCC 9790) grown in a medium of the
following composition: 1% glucose, 17. Difco tryptone, 1% K^PO^, and
0.57. yeast extract.(3) Following three washes with cold-distilled
•* 3
water, the cells were suspended in a solution containing 1 x 10** M Mg , 
and 0.4M glycylglycine, pH 7.20 The optical density was noted in a 
Klett photometer. The suspension was brought to 38° and sufficient 
lysozyme was added to bring its final concentration in the medium to 
180 pg/ml. The incubation was continued for 120 minutes, by which time 
the fall in optical density of the suspension had reached a constant 
value, indicating the conclusion of cell wall degradation with forma­
tion of protoplasts. Metabolic lysis was then initiated by the intro­
duction of glucose to a final concentration of 0.01M. A further fall 
in optical density ensued which attained a minimum when “ghost" pro­
duction was complete.
The membrane ghosts were separated from the soluble constituents
and small particles by centrifugation at 35,000 x g for 15 minutes, after
•3
which they were washed four times with 1 x 10 MMgS0^#(4) Two water 
washes were then given, and finally, the membranes were lyophilized and 
stored under nitrogen at -20° until processed further*
Extraction of the Total Lipid
The recovery of lipid from biological materials is a process re­
quiring modification to suit the type of material under investigation. 
The two most generally useful solvent mixtures for the extraction of 
lipid from biological material, especially in trial procedures, are 
chloroformjmethanol 2:1 and ethanol:diethyl ether 3:1. However, 
several factors which include temperature and the proportion of solvent 
to test material influence the rate of lipid extraction. For this 
reason, it is advisable to monitor the progress of the extraction in 
order to determine the time when recovery is complete. The most ac­
ceptable temperature for the extraction process is probably 25-30°; 
for below 20® solubility is apt to be low, while at even a moderately 
elevated temperature of 55-60® phospholipids are likely to be altered. 
The ratio of solvent volume to tissue quantity should be at least 3.(53) 
There is no standard procedure for bringing test material into contact 
with extractants, and in the work reported below four techniques were 
explored as follows:
(a) Dry membranes were placed in an all-glass apparatus, 10 ml 
solvent added, and the mixture refluxed for 15 minutes. The solvents 
used were: absolute ethanol (twice), ether (three times), ethanol-ether 
3:1 (twice). The extracts were passed through an ether-washed Whatman 
No. 42 filter paper into a clean flask, evaporated almost to dryness 
under nitrogen at 40° and then placed in a vacuum desiccator until 
weight became constant*
(b) Membrane material was introduced into an electrically-driven 
Potter-Elvehjem tissue grinder. Fifteen ml chloroform:methanol 2:1 was 
added, and homogenization carried out for one minute. When the
42
homogenate had stood for 15 minutes at 25°, the insoluble portion floc­
culated and settled, whereupon the supernatant was pipetted off and 
filtered through a chloroform:methanol-washed paper. This was re­
peated three more times with 5 ml portions of solvent. Six ml water 
was added to the extract and thoroughly mixed. When the phases had 
separated, the upper aqueous layer was discarded and the surface of 
the lower layer washed with chloroform:methanol:water 3:48:47.(48)
The lipid was dried by evaporation of the solvent at 40° under nitro­
gen and desiccated to constant weight.
(c) To the starting material in a glass-stoppered test tube was 
added 5 ml solvent at 4®. The contents of the tube were mixed by five 
inversions every 5 minutes for 30 minutes, the temperature being main­
tained at 4° throughout. After centrifugation, the supernatant was 
filtered, the lipid dried and weighed as before. The solvents used 
were: absolute ethanol (twice), ethanol:ether 3:1 (four times), ether 
(four times).
(d) Dry membranes were placed in a glass-stoppered test tube,
10 ml nitrogen-purged ethanol:ether 3:1 added, the atmosphere replaced 
with nitrogen, and the tube placed on an electric device which rolled 
the tube at a rate of 300 times each minute. This maintained a good 
dispersion of the solid material throughout the solvent. The extrac­
tion was continued for two hours in subdued light at 25°. After centri­
fugation, the extract was transferred to a weighed beaker and evaporated 
as previously described. The entire process was repeated until the dried 
extract failed to show the carbonyl band at 1740 cm  ^when examined by 
infrared spectrophotometry.
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Preparation of Silicic Acid for Column Chromatography
Silicic acid has been developed as a chromatographic adsorbent 
particularly valuable in the separation of lipids from one another* 
However, as supplied commercially, it contains fine particles which 
impede solvent flow, and also material,which is removed by various or­
ganic solvents, that appears subsequently as blank. A further factor 
affecting the reproducible activity of silicic acid is its water con­
tent, which should be carefully controlled.(54) The following proce­
dure was used to prepare the silicic acid (55): 50 g silicic acid, 
Mallinkrodt 100 mesh, suitable for chromatographic analysis, was washed 
with distilled water eight times for 30-minute periods, using a magnetic 
stirrer operated at the slowest possible speed to give adequate mixing. 
After each stirring period, the bulk of the silicic acid was allowed 
to settle, at which time the finer particles were pipetted off with 
the supernatant liquid. The remaining water was removed by filtration 
on a Buchner funnel with a sintered disc. After the last wash the ad­
sorbent was spread out in a thin layer in a glass dish and placed in an 
oven at 110* for 16 hours. It was then washed in the same way with the 
following sequence of organic solvents: 150 ml ether, 150 ml n-hexane: 
benzene 85:15, and 150 ml n»haxane« The resulting material was slurried 
in n-hexane and stored at 4°.
Preparation of Solvents
N-hexane was prepared by refluxing for three hours over potassium 
permanganate dissolved in a small amount of acetone, followed by redis­
tilling. All other solvents were freshly distilled.
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Column Chromatography of the Total Lipid
Owing to the low solubility of the membrane lipid in n-hexane, 
application of the sample to the column was carried out as follows:
About 10 mg of lipid obtained by extraction method (d) was dissolved 
in 1 ml chloroform:methanol 2:1,and approximately 50 mg silicic acid 
added. The mixture was then swirled vigorously while a stream of nitro­
gen accelerated the evaporation of the solvent. The lipid-coated ad­
sorbent was then transferred to the top of a 4 x 1 cm column of silicic 
acid. Solvents were forced through the column using minimal pressure 
of nitrogen (2 lbs/sq. in.) to produce a flow rate of 2.0-2.5 ml per 
minute. Small glass beakers weighed as accurately as possible on a 
Mettler M5 six-place balance were used to collect 5 ml eluate fractions 
which were immediately evaporated just to dryness under nitrogen at not 
more than 40°. Complete drying was effected by placing the beakers 
over silica gel in a desiccator and connecting it to a high vacuum pump 
for thirty minutes. At this point, the pump was turned off, nitrogen 
admitted to the system, the desiccator sealed and left at room temper­
ature for not less than 18 hours.
The pattern of lipid elution from the column was expressed in ng 
per 5 ml solvent aliquot, due allowance being made for blanks by running 
a duplicate column without application of sample. The solvents used 
were: n-hexane:benzene 85:15, 2 x 5  ml; n-hexane:diethyl ether 1:1, 
6 x 5  ml; methanol:ether 1:100, 2 x 5  ml; chloroformjmethanol 3:1, 2 x 5  
ml; and methanol 8 x 5 ml.
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Thin Layer Chromatography of Lipid Fractions
In order to ascertain the composition of the fractions obtained 
from the silicic acid column, thin-layer chromatography on glass plates 
was employed. The equipment used was that supplied by Firma Desaga, 
Heidelberg, and the procedure was that described by Stahl.(56) Silica 
gel G, a commercially supplied silicic acid adsorbent containing 157. 
calcinated calcium sulfate, was slurried with water in the proportion 
of one part adsorbent to two parts water. A special applicator faci­
litated the even spreading of the gel on 20 cm square glass plates in 
a layer 250-275 |i thick. When most of the water had evaporated and the 
binder had set, the plates were activated by heating in an oven at 110- 
120° for one to two hours. Storage of prepared plates was in an air­
tight cabinet containing a desiccant to prevent contact with water or 
other vapors.
Chloroform:methanol solutions containing 20-50 |ig of each of the 
lipid samples together with known reference materials were applied to 
the adsorbent surface of a plate about 5 cm from one edge. A stream 
of nitrogen was used to hasten the evaporation of the solvent. To de­
velop the chromatogram, the plate was placed vertically in a small 
glass tank into which about 100ml of an appropriate solventmixture had 
been measured. In the case of the polar lipid, the developing mixture 
was chloroform:methanol{water 65:25:4.(57) The atmosphere was then 
flushed out with nitrogen and the lid set in place. When the solvent 
front had migrated for 10 cm beyond the point of application, the plate 
was removed from the tank, whereupon the solvent evaporated within a 
few seconds. The chromatogram was then ready for visualization of the 
spots.
Colour Reactions for Thin-Layer Chromatography Plates
In order to demonstrate the spots on the thin-layer plates, one of 
the reagents described below was applied by spraying. The first reagent 
produced a colour with most lipids, whether or not they contained phos­
phorus, with the exception of free fatty acids,
(a) To a solution of 3 g ammonium molybdate in 25 ml water were 
added 30 ml N HC1 and 15 ml 60% perchloric acid. When the plate had 
been evenly sprayed with this solution it was heated at 105° for 20 
minutes, when the lipid spots became blue,(57)
Further identification of compounds was possible by the use of co­
lour developing reagents which were more specific than the acid-molydate 
solution,
(b) 0,2% ninhydrin in 95 ml n-butanol + 5 ml 107. acetic acid.
After spraying, a 20 minute period at 105° was given, when amino-containing 
compounds appeared as red-violet spots on a white background,(57)
(c) Dragendorf reagent for the detection of choline: To 20 ml 
distilled water was added 4 ml 1,7% in 20% v/v acetic 
acid, followed by 1 ml 407. aqueous KI. Choline phosphatides appeared 
as orange-red immediately or after gentle warming,(57)
(d) Glycolipids may be demonstrated by the use of a reagent des­
cribed by Dische,(58) 20 ml 10% alcoholic solution of diphenylamine 
was added to 100 ml concentrated hydrochloric acid and 80 ml glacial 
acetic acid. After the plate had been sprayed with this reagent, it 
was heated at 105° in an atmosphere of hydrochloric and acetic acids, 
when the spots showed up as blue-grey on a pale grey background.
Infrared Spectrophotometry
The lipid fractions of which infrared spectra were desired were 
first dissolved in chloroformsmethanol 2:1. A volume of lipid solution 
containing50-100 |ag of sarople was transferred to a small ball mill into 
which 10 mg potassium bromide of spectroscopic grade had already been 
weighed, and the solvent evaporated under nitrogen. After 15 minutes 
in a desiccator under high vacuum, two steel balls were placed in the
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mill and the apparatus shaken violently for one minute on a Wig-L-Eug , 
Crescent Dental Manufacturing Company, Chicago. A 5 x 1 tan pellet was 
then pressed from the homogeneous mixture and examined in a Beckman IR5 
infrared spectrophotometer.
Determination of Total Phosphorus in the Lipid Fractions
The method chosen for its reliability and high sensitivity was 
that of McDonald and Hall.(59) About 50 ng lipid was transferred to 
a test tube, 0.1 ml 60% perchloric acid added, and the tube heated in 
a sand bath at 180° for one hour. Blanks and phosphorus standards were 
set up at the same time, together with phosphatidylcholine and phospha- 
tidylethanolamine as controls. After the digestion, each tube was 
cooled and the contents diluted with water. Molybdate reagent was 
added, together with an iso-butanol-petroleum ether mixture in which 
phosphomolybdate is soluble. After thorough extraction for one minute 
using a vortex mixer, a portion of the extract was withdrawn and stan­
nous chloride solution added, when a stable blue colour appeared which 
was read in the Beckman DU at 625m|i.
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Determination of Ester Groups
A modification of the hydroxamate method by Stern and Shapiro for 
ester groups has been published by Antonis.(60) This later procedure 
is claimed to be more sensitive and the final colour is stable due to 
the almost anhydrous conditions of its development. Eighty-five fig 
lipid was placed in a test tube and 300 |xl isopropyl ether (peroxide- 
free) was added. This was followed by 100 |xl 1H hydroxylamine and 1.75 
N potassium hydroxide in 957. methanol. After mixing and allowing to 
stand for 30 minutes at 25°, 600 nl of an ethanolic ferric perchlorate 
reagent was added and the colour developed in the dark for a further 
30 minutes. The optical density was then read on the Beckman DU at 
515mti.
Deacylation of the Polar Lipids
In attempts to characterize the water soluble moiety of the polar 
lipids, the deacylation and methanolysis procedure of Lister was used. 
(61) Polar lipid was dissolved in methanol:toluene 1:1 in a glass- 
stoppered tube. An equal volume of 0.2N methanolic potassium hydroxide 
was added and the mixture incubated for 15 minutes at 37®. The remain­
der of the procedure was modified from publications by Dawson and by 
Benson et al.(62)(63)(64) The reaction was stopped by the dropwise 
addition of a concentrated aqueous suspension of Dowex 50 X-8 , freshly 
brought to the H+ form, until the pH of the solution became acid, as 
indicated by a pH meter. The ion exchange material was removed by 
centrifugation and the supernatant transferred to a clean tube. A 1 ml 
methanol wash of the resin was also added to the supernatant. Parti­
tion of the water and fat soluble components was brought about by the
19
addition of water and chloroform, followed by a thorough shaking.
The upper aqueous layer was pipetted into a clean tube, shaken with 
a second portion of chloroform which was added to the first chloroform 
extract. Both phases were then evaporated carefully under nitrogen and 
stored in the desiccator.
Paper Chromatography of the Deacylated Lipid
The water-soluble material from the upper phase of the deacyla- 
tion process was dissolved in water and a volume equivalent to 50 tig 
applied to a Whatman No. 4 20 cm square filter paper. This was run as 
a two-dimensional chromatogram, first in phenolswater 100:38 and then, 
after drying, at right angles in n-butanol:propionic acid:water 142:71: 
100.(63) The phosphorus-containing spots were visualized by spraying 
with the acid molybdate reagent of Hanes and Isherwood, and exposure 
to a source of ultra-violet light with the Wood's filter removed.(65) 
Acid Hydrolysis of the Deacylated Lipid
Further investigation of the water-soluble portion of the polar 
lipid was carried out by examination of the products of acid hydrolysis. 
One hundred fifty pg of the material was dissolved in 75 |il 0.1N 
hydrochloric acid and 25 |il applied immediately near to one corner of 
a sheet of Whatman No. 4 chromatography paper. The tube was then 
placed in a boiling water bath (92*) for 15 minutes, after which 25 |il 
was applied to a second sheet of filter paper. In neither case was 
the excess acid neutralized. Two-dimensional chromatography was car­
ried out as before in the same solvent solution systems.
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Gas Liquid Chromatography of Fatty Acid Methyl Esters
The chloroform extract obtained at the deacylation step contained 
the fatty acids as their methyl esters, and were suitable without fur­
ther treatment for gas-liquid chromatography, A n-hexane solution of 
the esters was injected into an Aerograph A-90-C chromatograph fitted 
with a thermal conductivity detector. Two columns were used, the first 
being a 1/4 inch x 5 foot 20% diethylene glycol polyester (DEGS)* on 
60-80 mesh firebrick# The temperature of the column was 198° and the 
helium flow was 72 mlper minute* The fatty acid esters were also 
chromatographed on a nonpolar column material, silicone aE-30 on 
Chromosorb in a 1/4 inch x 10 foot column. This second separation 
was employed as a further aid in identification, as the order of elu­
tion from the two materials is not the same.
In order to characterize further, two of the fatty acids, an 
octadecenoic acid and one believed to be lactobacillic acid, they 
were collected as they emerged from outflow gasket on the chromatograph 
until sufficient material had been obtained for further analysis. The 
individual acids were condensed in a 3-1/2 inch number 10 stainless 
steel Luer hypodermic needle attached to a Swinney adaptor.(66) A 
syringe containing n-hexane was used to flush out the acid into a 
small beaker. Unfortunately, the fatty acids emerged contaminated 
with the degradation products of the polyester liquid phase. This
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^The following abbreviations are used in this thesis: DEGS, 20 
per cent diethylene glycol-succinic acid polyester on a support of 
60-80 mesh firebrick; GPGPG, diglycerophosphoryl-glycerol; GPG, gly- 
cerophosphoryl-glycerol.
interfering material may be removed by application to a silicic acid 
column, from which the fatty acids can be eluted by hexaneIbenzene 
35:15, whereas the polyester requires a more polar solvent to dis­
place it.(36) The purified fatty acid methyl esters were then added 
to potassium bromide and pressed into pellets suitable for infrared 
spectrophotometry.
RESULTS
Total Lipid of the Lyophtlized Membrane Material
As described in the section on methods, four procedures were in­
vestigated in order to find one which would give complete extraction 
from this particular material without causing changes in the lipids. 
From the figures given in Table I, it can be seen that theraethods 
giving the best recovery were method (a), which involved refluxing 
with solvents, and method (d), where repeated extractions were car­
ried out at 25* until no further ester was extracted, as judged by 
infrared spectrophotometry. On the basis of these results, it is 
suggested that 20.87. is the most acceptable figure for the total 
lipid content of this particular membrane preparation.
The remainder of the investigation utilized lipid prepared by 
method (d).
The Fractionation of Membrane Lipid by Silicic Acid Chromatography
Figure 1 shows the typical elution pattern obtained on four oc­
casions with separate membrane preparations. The majority of the lipid, 
comprising about 77 per cent of the total, appeared in the methanol- 
containing solvents and will be referred to as the polar lipid.
The next largest fraction, 22 per cent of the total, was eluted 
by hexanejether and will be called the glyceride fraction, although 
no actual proof of its identity was obtained.
These two major fractions thus accounted for 99% of the membrane 
ghost total lipid.
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TABLE I
Comparison of Methods of Lipid Extraction 
Brief details of the four methods investigated are as follows:
a) Reflux with ethanol, ether and ethanol:ether, 3:1
o
b) Homogenize with chloroform:methanol, 2:1 at 25
o
c) Gentle inversion with ethanol, ethanol:ether 3:1 and ether at 4
d) Rapid rolling with ethanol:ether, 3:1 at 25° until no absorption at
-1
1740 c m
For full experimental details, see text.
Procedure a b c d
Weight of m e m b r a n e  (mg) 
Weight of lipid extracted (mg) 
Lipid as %  of dried m e m b r a n e
32.6
6.8
20.8
113.2
11.1
9.8
70.2 
9.3
13.2
55.30 
11.43 
20. 7
Figure 1. Silicic acid column chromatography of the total lipid. The 
fractionation was monitored on a weight basis and expressed 
in terms of |ig lipid eluted per 5 ml solvent. The figures 
in parentheses refer to percentages of the total lipid.

Subfractionation of the Polar Lipid
Figure 2 shows that the polar lipid could be separated on thin- 
layer plates into two components, both of which reacted strongly to the 
molybdate spray reagent. Hereafter, these two chromatographic compo­
nents will be called the fast polar lipid and the slow polar lipid,
Rf values of the polar lipids are given in Table 2, It was at once 
obvious that the silicic acid column elution scheme described in Figure
1 was inadequate to completely resolve these two substances, and a mo­
dification of the scheme was sought which would accomplish this sepa­
ration.
Resolution and Quantitation of the Slow and Fast Polar Lipids
It appeared from the results shown inFigures 1 and 2 that the 
polar lipids started to leave the silicic acid column when methanol 
was introduced into the solvents. The fast polar lipid appeared in 
the first two aliquots, whereas the third contained only the slow polar 
lipid. This finding suggested that resolution of these two compounds 
might be achieved by employing a solvent series in which the concen­
tration of methanol was steadily increased. A second column was there­
fore run in which the eluants were chloroform:methanol mixtures in the 
following proportions: 19:1, 9:1, 4:1, and 1:1. Two 5 ml portions each 
was passed through the column, followed finally by three 5 ml amounts 
of absolute methanol to ensure that recovery from the column was com­
plete. The sample analyzed by this procedure was the polar lipid frac­
tion from the first column dissolved in chloroform:methanol 19:1.
Figure 3 shows the fractionation obtained, and it is apparent that the 
majority of the polar lipid was eluted in a sharp peak near the begin­
ning of the chromatogram, while the remainder followed immediately 
afterwards in the solvents with higher methanol concentrations.
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Figure 2. Thin layer chromatography of the polar lipid fractions numbers 
11, 12, and 13 obtained from silicic acid column (Figure 1), 
together with known phospholipids.
Solvent: chloroform:methanol:water, 65:25:4 
Spray reagent: molybdate-perchloric acid 
See Table 2 for Rf values 
PC • phosphatidylcholine 
PE “ phosphatidylethanolamine 
P - phrenosin
27a
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TABLE II
Rf Values of the Polar Lipids and K n o w n  Phospholipids 
on Thin Layer Chromatography.
Abbreviation Lipid Rf
- Fast Polar Lipid 0.95
- Slow Polar Lipid 0.6
P C Pho sphatidylcholine 0.2
P E
❖
Pho  sphatidylethanolamine 0.7
0.6
P Phrenosin 0.8
* T w o  ninhydrin positive spots given by this preparation.
Figure 3.^.Silicic acid column chromatogram of the polar lipid fraction.
The result is expressed in |ig lipid eluted per 5 ml solvent. 
The figures in parentheses refer to percentage of the total 
lipid.
pg 
LIP
ID 
EL
UT
ED
/5
ml
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In order to determine whether the fast and slow polar lipids were 
resolved, each column fraction was examined by thin-layer chromatography 
The first four fractions proved to be only the fast polar lipid, and 
comprised 54 per cent of the total lipid. The next five column frac­
tions contained only the slow polar lipid fraction, and made up 23 
per cent of the total lipid. Figure 4 shows the thin-layer chromato­
gram of the pooled fractions containing the fast polar lipid and the 
pooled fractions containing the slow polar lipid. It is clear that 
the two polar lipids were successfully resolved.
Further investigations were then undertaken to determine the 
nature of the fast and slow polar lipids.
Tests for Amino Nitrogen. Choline, and Carbohydrate in the Polar Lipids
The fast polar lipid gave no colour reaction on thin-layer plates 
with the spray reagents for amino nitrogen, choline, and carbohydrate. 
Similar amounts of phosphatidylcholine, phosphatidylethanolamine, and 
cerebroside were run at the same time and were easily demonstrable.
When no colour reaction was given with the spray reagents for choline, 
amino nitrogen, and carbohydrate, the plate was oversprayed with molyb- 
date and heated to develop the blue colour, thus confirming the pre­
sence of lipid.
The slow polar lipid also failed to react with ninhydrin and with 
Dragendorf's reagent for choline. However, a faint blue-grey colour 
was produced with the diphenylamine reagent, implying the presence of 
carbohydrate.
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Figure 4. Thin layer chromatogram of the pooled polar lipid fractions 
obtained from silicic acid column chromatography (Figure 3). 
Solvent: chlorofonatmethanol:water, 65:25:4 
Spray reagent: molybdate-perchloric acid 
F ” fractions 1-4 (fast polar lipid)
S “ fractions 5-9 (slow polar lipid)
PC “ phosphatidylcholine 
PE « phosphatidylethanolamine
31a
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Infrared Spectra of the Polar Lipids
Figure 5 shows the infrared absorption spectrum of the fast polar
lipido The frequencies of the major bands, together with tentative
interpretations, are given in Table 3.(67)(68)
Phosphatidylethanolamine has absorption bands at 1650 and 1560 cm 
(Figure 6) due to the amide group, while the band characteristic of
phosphatidylcholine occurs at 965 cm  ^ (Figure 7). The spectrum of
the fast polar lipid contains none of these bands, thus confirming the
findings from chemical tests on the thin-layer chromatograms described
in the previous section.
The spectrum of the slow polar lipid resembles that of the fast
compound except for the presence of a very strong band at 1380 cm
the significance of which is not known.
Ester:Phosphorus Ratio of the Polar Lipids
The determinations of ester and phosphorus were carried out in
duplicate on each of two independently prepared solutions of the slow
and of the fast lipids. The results are given in Table 4, from which
it can be seen that the fast polar lipid had a phosphorus content of
1.21 |iM per mg and an ester concentration of 2.96 jiM per mg, and thus
an ester:phosphorus ratio of 4.9:2. The slow polar lipid showed a
rather different constitution with a phosphorus level of 0.64 |jM  per
mg, while the concentration of ester was 3.91 mM per mg. The ester:
phosphorus ratio was, therefore, 6.1:1.
The Water-Soluble Products of Deacylation of the Polar Lipids
The phosphorus-containing compound obtained after removal of the 
fatty acids (see Experimental Procedures) comprised approximately 32 
per cent of the fast polar lipid, assuming that the deacylation process
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Figure 5. Infrared absorption spectrum of the fast polar lipid.
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TABLE III
The Major Infrared Absorption Bands of the Fast Polar Lipid
Frequency (cm”*) Interpretation
3450 -OH
2995 -ch2
1740 ester
1640 C-O, C»C
1470 c-ch3, -ch2
1390 -ck3
1250 P**0
1110-1050 P-O-C
Si-C-Si*
720 -<ch2)4
*contamination from silicic acid column
Figure 6* Infrared absorption spectrum of phosphatidylethanolamine*
35a
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Figure 7„ Infrared absorption spectrum of phosphatidylcholine.
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TABLE IV
The EstertPhosphorus Ratios of the Fast and Slow Polar Lipids
Phosphorus (pM/mg) Ester (uM/nig) Ester:phosphorus
1 o 18 2.87
1.19 2.92
Fast
1.23 2.99
1.24 3.08
Mean 1.21 2.97 4.9:2.0
0.63 3.84
0.63 3.84
Slow
0.65 3.96
0.65 3.98
Mean 0.64 3.91 6.1:1.0
went to completion. The result of two-dimensional chromatography of this 
water-soluble substance, together with known glycerophosphate esters, is 
shown in Figure 8, and the Rf values are listed in Table 5. The deacy- 
lated fast polar lipid clearly does not correspond to any of the usual 
glycerophosphate esters tested* However, by comparison with the work of 
Benson and Strickland, the unknown compound appears to behave in a manner 
similar to that of diglycerophosphoryl-glycerol (GPGPG) with regard to 
Rf and the characteristic spreadout spot.(63)
The water-soluble portion of the slow polar lipid comprised 45% of 
the intact lipid. Paper chromatography of the deacylated slow polar li­
pid showed only a rather vague spot with Rf values of about 0.1 in each 
direction, but which was distinctly different from that obtained from 
the fast polar lipid.
Acid Hydrolysis of the Deacylated Fast Polar Lipid
According to Benson and Strickland, the chromatogram of the products 
of acid hydrolysis of GPGPG shows five spots.(63) Two of these are due 
to unhydrolysed GPGPG and can be caused by applying this substance to 
paper in a solution containing chloride. Of the remaining spots, two 
are given by alpha and beta glycerophosphates and the last by glycero- 
phosphoryl-glycerol (GPG).
The acid hydrolysis products of the deacylated fast polar lipid (see 
Experimental Procedures) gave chromatograms which closely resembled the 
above description,(see Figure 9 and Table 6). Alpha and beta glycero­
phosphates were identified by Rf values and by co-chromatography; one 
spot travelled to the position anticipated for GPG. The two remaining 
spots were identical in location with those given by the unhydrolysed 
material when applied to the paper in the presence of chloride. Thus,
Figure 8. Paper chromatography of the deacylated fast polar lipid 
and known glycerophosphate esters.
39a
Butanol: propionic 
acid: 
water
142:71:100
Phenol-water 100:38
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TABLE V
Comparison of the Rf Values of the Deacylated Fast Polar Lipid with 
GPGPG and Other Related Compounds 
The solvent systems of Benson and Strickland were used.(63)(64) 
The Rf values which they report are given in parentheses. All other
values were determined in this laboratory(see Figure 8).
Phenoltwater 
(100:38)
Butanol:prop i oni c 
acidswater 
142:71:100
Deacylated Fast Polar Lipid (Compound I) 
Di glycerophosphory1-glycerol (GPGPG) 
Glycerophosphoryl-glycerol (GPG) 
Glycerophosphocholine (GPC) 
Glycerophosphoserine (GPS) 
Glycerophosphoethanolamine (GPE)
Alpha Glycerophosphate (Alpha GP) 
Beta Glycerophosphate (Beta GP) 
Sodium Phosphate (P )
0.18
— (0.14)
— (0.40) 
0.91 (0.98) 
0.25 (0.22) 
0.75 (0.65) 
0.32 (0.32) 
0.32 (0.33) 
0.12 ——
0.06 
— (0.07) 
(0.17) 
0.30 (0.29) 
0.14 (0.12) 
0.23 (0.23) 
0.22 (0.22) 
0.24 (0.28) 
0.25
Figure 9e Two-dimensional paper chromatography of the compounds ob­
served after acid treatment of the deacylated fast polar 
lipid. Solvent system: Phenol:water, 100:38, followed 
by n-butanol:propionic acid:water, 142:71:100. Visualized 
by molybdate spray and ultraviolet light. See Table 6 for 
comparison of Rf values with those reported by Benson & 
Strickland.
41a
Butanol: 
propionic acid:
water
142:71:100
Phenol-water 100:38
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The Rf Values of the Compounds Observed After Acid Treatment of 
the Deacylated Fast Polar Lipid (GPGPG)
The solvent systems of Benson and Strickland were used.(63) The 
Rf values which they report are given in parentheses. All other values * 
were determined in this laboratory,(see Figure 9).
Note that unhydrolyzed GPGPG gives a double spot when applied to 
the paper in the presence of chloride. This finding was also described 
by Benson and Strickland.(63)
TABLE VI
Phenol:water 
(100:38)
Butanol:prop i oni c 
acid:water 
142:71:100
GPGPG (Unhydrolyzed) 0.20 (0.14) 0.06 (0.07)
0.35 (0.30) 0.06 (0.07)
Compound II 0.50 m 0.15 --
GPG — (0.40) — (0.17)
Compound Ilia 0.32 o» © 0.22 •mm
Alpha glycerophosphate 0.32 (0.32) 0.22 (0.22)
Compound Illb 0.32 — 0.24
Beta glycerophosphate 0.32 mm ae> 0.24 (0.28)
the chromatographic behavior of the deacylated fast polar lipid corres­
ponds in every way with that described for GPGPG. However, comparison 
with authentic samples of GPG and GPGPG is desirable for more satisfac­
tory identification.
Identification of the Fatty Acids Associated with the Polar Lipids
The main means of identification of the fatty acid methyl esters 
was by gas-liquid chromatography (see Experimental Procedures). The re­
lative retention times of the unknown peaks were compared with those of 
known reference materials chromatographed on polar and non-polar columns. 
Assessment of carbon chain length and degree of unsaturation were con­
firmed for four fatty acids by co-chromatography in both systems, 
although complete structural identification of the monounsaturated acids 
was not undertaken.
Figures 10 and 11 show chromatograms on DEGS of saturated and mono­
unsaturated methyl esters respectively. The data from these charts is 
shown in graphical form with the logarithm of the retention time rela­
tive to that of palmitic acid plotted against carbon chain length (Figure 
12). Straight line relationships result, one line for each fatty acid 
series. A similar graph is given in Figure 13 for the non-polar column, 
silicone SE-30, but here the lines are inverted due to the relatively 
shorter retention tiroes of the unsaturated fatty acids.
Figure 14 is a chromatogram of the fatty acid methyl esters of the 
fast polar lipid. Six components are present, labelled A to F in order 
of increasing retention time. Components A, B, C, and E appear to be 
identical with fatty acids of the following codes: 14:0, 16:0, 16:1, and 
18:1 respectively. Co-chromatography on DEGS with known compounds sup­
ported this finding (Figures 15 and 16), since the peaks of the reference
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Figure 10. Gas-liquid chromatography of saturated fatty acid methyl esters. 
DEGS:Column Temperature 198°
3 6 9 12 15 18 21
Minutes
Figure 11. Gas-liquid chromatography of monounsaturated fatty acid 
methyl esters.
DEGS:Column Temperature 198°
M in u te s
Figure 12. Logarithm of the retention time relative to palmitic acid 
plotted against length of fatty acid methyl ester carbon 
chain.
DEGS:Column Temperature 198°
Figure 13. Logarithm of the retention time relative to palmitic acid 
plotted against length of fatty acid methyl ester carbon 
chain.
SE-30:Column Temperature 190°
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CARBON NUMBER
CARBON NUMBER
Figure 14. Gas-liquid chromatography of the fatty acid methyl esters 
from the fast polar lipid.
DEGS:Column Temperature 198°
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Figure 15. Co*chromatography of fatty acid methyl esters from the fast 
polar lipid with saturated reference esters: 14:0, 16:0, 
18:0, and 20:0.
DEGS:Column Temperature 198°
48a
Minu tes
Figure 16. The fatty acid methyl esters of the fast polar lipid co-
chroniatographed with the following monounsaturated esters: 
16:1, 18:1, and 20:1.
compounds coincided with those of the unknown esters. Similar results 
were obtained on the non-polar column, providing additional evidence that 
the code assignments were correct.
Table 7 summarizes the retention times on the two columns of the 
reference fatty acid esters, together with those of the esters derived 
from the fast polar lipid*
Component E, designated a monounsaturated Cjg fatty acid, was then 
investigated further by infrared spectrophotometry in order to decide 
whether the double bond was of the cis- or trans- configuration. Figure 
17 demonstrates the comparison between the unknown fatty acid and trans- 
octadecenoic acid. At a wavelength of 965 cm”*, the latter exhibits the 
absorption peak due to the trans- configuration, whereas the spectrum of 
the material from the fast polar lipid shows no corresponding absorption. 
From this evidence, it seems that, while component E may be composed of 
one or more octadecenoic acids, its configuration is of the cis- form.
The configuration of component C, designated as a 16:1 fatty acid, was not 
investigated.
When the logarithms of the relative retention times of the peaks 
corresponding to compounds D and F were plotted on the chart reproduced 
in Figure 12, it was found that these values did not fall exactly on the 
calibration lines for the common fatty acid methyl esters, at points in­
dicating a whole number of carbon atoms in the molecule. However, the 
values for compounds D and F both approached the line for monounsaturated 
fatty acid esters at points close to those denoting carbon chain lengths 
of 17 and 19 respectively. When the logarithm of the relative retention 
times of the two unknown fatty acids were plotted, assuming carbon numbers 
of 17 and 19, the line joining these points was parallel to the lines for
50
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TABLE VII
Relative Retention Times* of Standard and 
Unknown Fatty Acid Methyl Esters
Standard Fatty Acid Esters
Fatty Acid Esters 
From Fast Polar Lipid
Relative Relative
Common Name Code
Retention
Comp­
Retention
Time
onent
Time
DEGS SE-30 - DEGS SE-30
Methyl laurate 12:0 0.37 o*» __
Methyl myristate 14:0 0.59 0.47 A 0.59 0.47
Methyl palmitate 16:0 1.00 1.00 B 1.00 1.00
Methyl palmitoleate 16:1 1.16 0.90 C 1.16 0.91
. . . D 1.53 1.35
Methyl stearate 18:0 1.70 ~*m m — m m
Methyl oleate 18:1 1.94 1.87 E 1.97 1.91
Methyl linoleate 18:2 2.30 m m — mm
Methyl linolenate 18:3 3.00 mm m m *»mm
. . . F 2.58 2.92
Methyl arachidate 20:0 2.90 m m • m
Methyl eicosaenoate 20:1 3.30 4.00 mm mm
*Retention time of palmitic acid methyl ester taken as unity
Figure 17. Comparison of infrared spectra of trans-octadecenoic methyl
ester (upper), and the octadecenoic methyl ester (lower) from 
the fast polar lipid.
\
52a
WAVENUMMR CM-1
1500 1400 1300 1200 1100 1000 ?00
the other fatty acids. This analysis suggested that compounds D and F 
were C17 and C1? cyclopropane fatty acids respectively. Indeed, the re­
lative retention time of compound F was essentially identical with that 
reported for the C19 cyclopropane fatty acid (lactobacillic acid) when 
run under conditions similar to those described above.(36) Accordingly, 
the infrared spectrum of compound F was examined for the cyclopropane 
peak at 1020 cm * (Figure 18). The spectrum shows an absorption peak in 
the position of the cyclopropane band, and hence component F is thought 
to be a 0^^ cyclopropane fatty acid (lactobacillic acid) and component 
D its homologue. However, further confirmation by comparison with 
authentic samples is desirable.
Tables 8 and 9 indicate the probably code identities and the rela­
tive concentrations of the fatty acids in the fast polar lipid and the 
slow polar lipid as calculated from integration of the peaks of the gas 
chromatography charts.
Characterization of the Glyceride Fraction
The lipid eluted from the silicic acid column with hexane:ether 
(Figure 1) gave two spots on thin-layer chromatography, which resembled 
monoglyceride and diglyceride by comparison with known compounds. Phos­
phorus was not detected in this fraction.
The fatty acid constitution of the glyceride was qualitatively iden­
tical with that of the phospholipids,, The relative molar concentrations 
of the fatty acids are given in Table 10.
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Figure 18* Infrared spectrum of component F to show the cyclopropane
•• 1
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TABLE VIII
---------------------------------------- ---------- - -----------
Fast Polar Lipid
Probable Relative Molar
Component Code Concentration**
A 14:0 1.0
B 16:0 1.5
C 16:1 0.7
D 17:0c* 0.05
E 18:1 (cis«) 1.0
F 19:0c 0.9
*indicates cyclopropane
**Molar concentration of 18:1 taken as a unity
Concentration and Probable Identity of Fatty Acids from 
Slow Polar Lipid
TABLE IX
Component
Probable
Code
Relative Molar 
Concentrat ion**
A 14:0 1.1
B 16:0 2.1
C 16:1 0.7
D 17:1c* 0.06
E 18:1 (cis-) 1.0
F 19:0c 1.2
*indicates cyclopropane
**Molar concentration of 18:1 taken as a unity
floncentration and Probable Identity of Fatty Acids from
Glyceride Fraction
TABLE X
Component
Probable
Code
Relative Molar 
Concentrat ion**
A 14:0 0.06
B 16:0 1.7
C 16:1 0.9
D 17:0c* ***
E 18:1(cis-) 1.0
F 19:0c 1.0
* indicates cyclopropane
**Molar concentration of 18:1 taken as a unity
***Peak too small for accurate quantitation
DISCUSSION
The data obtained in the experimental work demonstrate that lipid 
constitutes 21 per cent of the weight of the membrane ghost fraction of 
Streptococcus fecalis, when the organism is grown and the fractionation 
is carried out as described under Experimental Procedures. About three 
quarters of the lipid is phospholipid while, except for a trace quanti­
ty, the remainder appears to be mono- and di-glyceride. However, it is 
possible that the total lipid and its composition may be influenced by 
the composition of the growth medium,(52)(32)
The polar lipid was separable into two components termed fast 
polar lipid and slow polar lipitt according to the rate of migration on 
silicic acid thin-layer chromatography.(Figure 2). The resolution and 
quantitative recovery of large amounts of these two polar lipids on si­
licic acid columns was facilitated by the use of a solvent series in 
which the concentration of methanol in chloroform was progressively in­
creased from 5 per cent to 50 per cent (Figure 3), a scheme similar to 
that used by Gray and MacFarlane for the separation of cardiolipin from 
cephalin,(69)
The fast polar lipid resembles the beef heart diphosphatidylgly- 
cerol (cardiolipin) in that it is not eluted from silicic acid columns 
until the concentration of methanol in the eluting solvent has been in­
creased to 10 per cent. On thin-layer chromatography, the fast polar 
lipid exhibits an Rf of about 0.9, which is the same as that reported 
for cardiolipin and is significantly greater than the Rf values of the 
other common phospholipids and cerebroside used as reference substance
(Figure 2).(57) Furthermore, the infrared spectrum of the intact fast 
polar lipid (Figure 5) is consistent with that of a glycerophosphatide 
which contains neither amino nitrogen nor choline* This conclusion is 
supported by the spectrum of the deacylated fast polar lipid, which 
shows features in common with the spectrum of glycerophosphate. The 
further examination of the fast polar lipid strongly suggests that the 
deacylated fast polar lipid is identical to GPGPG, the structure of 
which was described by Benson and Strickland.(63) These authors also 
synthesized GPGPG and showed that the synthetic compound had chromato­
graphic characteristics identical with those of the natural material.(63) 
Finally, the fast polar lipid was shown clearly to be a GPGPG-lipid when 
the products of acid hydrolysis of the deacylated lipid produced a chro­
matographic pattern (Figure 9) indistinguishable from the pattern reported 
for GPGPG, hydrolysed under the same conditions.(63) A GPGPG type of 
phospholipid was first described by Pangborn, who isolated it from beef 
heart, suggested that it had a glyceryl-glycerophosphate structure, and 
proposed the name "cardiolipin**«(70)(71) Similar compounds have been 
found subsequently in rat liver mitochondria; the phospholipids of dog 
liver; plants such as Chlorella, Rhodospirilium, clover, and corn; and 
the bacteria M. lysodeikticus, S. typhimuriura, and Staphylococcus aureus.
(72)(73)(63)(13)(29)
In previous accounts concerned with phospholipids of the cardiolipin 
type, the number of hydroxyl groups in the molecule esterified with fatty 
acids has been assessed. The number was reported to be three in the 
phospholipid from dog liver, four in ox heart cardiolipin, and was sug­
gested to be four or five in the material from plants.(73)(69)(63) In 
the present work, the ester:phosphorus ratio of 5:2 makes it likely that
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all the potential sites for esterification are occupied and that the 
fast polar lipid has the diphosphatidylglyceride structure depicted in 
Figure 19,
The phosphorus content of the intact fast polar lipid was found 
experimentally to be 3,75 per cent, which compares favorably with the 
calculated theoretical value of 3,81 per cent for a diphosphatidylgly­
ceride, The theoretical figure was derived from the proposed structure, 
substituting for R p  R2, etc., the mean molecular weight of the fatty 
acids found in this lipid fraction.
As the six fatty acids associated with the fast polar lipid out­
number the maximum locations for substitution, this lipid cannot be a 
single substance, but is more probably a mixture in which each member 
carries a varying complement of fatty acids.
In contrast to the fast polar lipid, the slow polar lipid apparen­
tly contains carbohydrate and has an ester:P ratio of 6:1. Compounds 
which, with respect to their ester:phosphorus ratio, resemble the slow 
polar lipid, have been reported occasionally. Thus, a lipid with an 
ester:phosphorus:carbohydrate ratio of 5.7:1.0:3.2 has been reported by 
MacFarlane to exist in M. lysodeikticus cells.(50) Marinetti et al des­
cribed a lipid derived from rat liver mitochondria with an esterphos­
phorus ratio of 6.04.(74) At the present time, in the absence of more 
conclusive supporting work, the nature of the slow polar lipid, which 
has been isolated in the present work,and the similar structure of com­
pounds described by others remains obscure. It may be that in an orga­
nism such as S. fecalis, which contains poly-ribitol phosphate (teichoic 
acids) in its cell wall, ribitol compounds are at some time associated 
with the membrane, either if they are transported through it or if they
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Figure 19. Proposed structure of the fast polar lipid.
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are synthesized by it.(75) In either case, a lipid-soluble form of the 
ribitol phosphate compounds may be formed by esterification with long- 
chain fatty acids to give lipids of the type represented by the slow 
polar lipid.
The fatty acids associated with the two polar lipids and the gly­
ceride fraction are of interest since they are qualitatively identical 
in all three instances. Also, with the exception of myristic acid, 
there is a definite quantitative similarity. This observation makes 
possible the suggestion that there may be interconversion between the 
glycerides and phospholipids of the plasma membrane of S. fecalis.
Two of the fatty acids found in all the lipid fractions of the 
membrane belong to the cyclopropane series originally described by 
Hofmann and Lucas.(76) Members of this group of fatty acids have been 
identified in a number of microorganisms of various species, although 
two recent reviews do not include S. fecalis as such an organism.(77)
(73) The synthesis of the cyclopropane fatty acid, lactobacillic 
acid, is known to occur by the transfer of methionine-methyl to the un­
saturated bond of cis-vaccenic acid.(79) For this reason, it is possible 
that the cis-octadecenoic acid demonstrated in the cell membrane is com­
posed, at least to sane extent, of cis-vaceenic acid and that this is 
the precursor of the lactobacillic acid, By reasoning similar to that 
used for the cyclopropane fatty acid, it is possible that the 
horaologue in the membrane is derived in a similar fashion from the mem­
brane palmitoleic acid.(36)
GPGPG-lipids have been found in a wide variety of biological mate­
rials. Many tissues from mammalian sources have been shown to contain 
lipids of this type, localized in the mitochondrial fraction.(80)
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Twenty per cent of the deacylated lipid phosphorus of rat liver lyso- 
somes was found to be present as GPGPG-lipid, while the ribosomes of 
rat liver and kidney contained undetectable amounts. It is interesting 
to note that each of the cellular structures with which GPGPG-lipid has 
been associated possesses a membrane and is the site of considerable 
enzyme activity.(81) Evidence has been obtained which demonstrates 
that cytochrome oxidase and a purified preparation containing cytochrome 
b and cytochrome c^, both isolated from pig heart, contain a significant 
quantity of GPGPG-lipid.(82) Based upon the hydrogen bonding and the 
ionic bonding potentialities of the two phosphate diesters of GPGPG- 
lipid, a scheme has been proposed for a method of enzyme activation by 
the lipid.(81)
In view of the similarity of their fatty acid constitutions, it 
seems possible that the glyceride and phospholipid fractions of the 
membrane of S. fecalis are together involved in a metabolic cycle. How­
ever, the absence of phosphatidic acids in the membrane total lipid makes 
it unlikely that a system of the type proposed by Hokin and Hokin for the 
transport of cations is present in this particular organism. Until ex­
periments designed specifically to examine membrane transport in bacte­
rial cells are conducted, the function of the diphosphatidylglyceride of 
Streptococcus fecalis plasma membrane must remain conjecture.
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